Myeloproliferative neoplasms (MPNs) frequently have an activating mutation in the gene encoding Janus kinase 2 (JAK2). Thus, targeting the pathway mediated by JAK and its downstream substrate, signal transducer and activator of transcription (STAT), may yield clinical benefit for patients with MPNs containing the JAK2 V617F mutation. Although JAK inhibitor therapy reduces splenomegaly and improves systemic symptoms in patients, this treatment does not appreciably reduce the number of neoplastic cells. To identify potential mechanisms underlying this inherent resistance phenomenon, we performed pathway-centric, gain-of-function screens in JAK2 V617F hematopoietic cells and found that the activation of the guanosine triphosphatase (GTPase) RAS or its effector pathways [mediated by the kinases AKT and ERK (extracellular signal-regulated kinase)] renders cells insensitive to JAK inhibition. Resistant MPN cells became sensitized to JAK inhibitors when also exposed to inhibitors of the AKT or ERK pathways. Mechanistically, in JAK2
INTRODUCTION
In 2005, a recurrent somatic point mutation in the pseudokinase domain of the Janus kinase 2 gene (JAK2) was discovered in a large proportion of patients with myeloproliferative neoplasms (MPNs) (1-3), a class of hematologic malignancies arising from hematopoietic progenitors that includes acute and chronic myeloid leukemias, polycythemia vera, essential thrombocythemia, and primary myelofibrosis. The prevalence of the JAK2 V617F mutation and the subsequent finding that these malignancies are dependent on constitutive JAK/signal transducer and activator of transcription (STAT) signaling prompted strong interest in targeting JAK2 in these patients, leading to the development of several JAK catalytic inhibitors, such as TG101348 (SAR302503), INCB018424 (ruxolitinib), and CYT387 (4) (5) (6) . In clinical studies, JAK inhibitors were found to produce palliative effects associated with decreased inflammatory cytokine abundance and reduced splenomegaly but were unable to reverse the disease by decreasing the malignant clone burden (7, 8) .
The inability of JAK inhibitor therapy to reduce or eliminate the MPN clone may be caused by a number of factors, including (i) second site mutations in the JAK2 kinase domain that block effective drug binding to its target (9) ; (ii) the reactivation of JAK/STAT signaling in the presence of JAK inhibitors, for example, through the heterodimerization of JAK2 with JAK1 or nonreceptor tyrosine-protein kinase 2 (TYK2) (10) ; and (iii) the activation of compensatory signaling pathways that enable malignant cells to circumvent the toxic effects of JAK inhibition. Informative studies were recently conducted to examine options (i) and (ii) above, indicating that these mechanisms may contribute to the resistance observed in some patients. However, despite considerable evidence that compensatory signaling pathways can contribute to resistance to anticancer drugs, including kinasetargeted therapies (11) (12) (13) (14) , no studies have systematically assessed the potential roles of such pathways in the resistance of MPNs to JAK inhibitors.
Thus, we investigated the potential role of compensatory pathways using gain-of-function screens in JAK2 V617F -positive cell lines to uncover new therapeutic strategies for refractory disease. RESULTS 
RAS signaling activation confers resistance to JAK inhibition
Using constructs that encode constitutively active mutants, 17 oncogenic signaling pathways (table S1) were screened in JAK2 V617F UKE-1 cells to identify those pathways capable of driving resistance to the JAK inhibitor INCB018424 (INCB). Screens were performed with low multiplicity of infection (MOI) conditions to ensure that only a single transgene was introduced into each cell. Further, the moderate-strength PGK (phosphoglycerate kinase) promoter was used to minimize the likelihood of superphysiological pathway activation caused by overexpression (15) . Two constructsmyristoylated-AKT (myr-AKT) and RAS-G12V-scored as strong hits (Fig. 1) , consistently enriched in the screens by greater than 10-and 50-fold, respectively. Our recent study involving 110 similar drug-modifier screens spanning diverse drugs and cancer types found that enrichment of a hit by greater than 10-fold is rare (14) . In GI 50 (50% growth inhibition) validation assays, the activation of AKT and RAS resulted in 10-to 50-fold shifts in the GI 50 concentrations of two different JAK inhibitors [INCB and CYT387 (CYT)] in two additional JAK2 V617F -positive cell lines (HEL92.1.7 and Set2), thus confirming the potential of these pathways to drive resistance when abnormally activated ( Fig. 2A and fig. S1 ). Separately, AKT and RAS activation also conferred resistance to the direct knockdown of JAK2 by two independent short hairpin RNA (shRNA) constructs (Fig. 2B ), suggesting that, unlike the recently reported phenomenon of heterodimerization between JAK2-JAK1 or JAK2-TYK2 (10), AKT-and RAS-mediated resistance can operate independently of JAK2 expression. Constructs from the nuclear factor kB (NF-kB) and Notch pathways also scored weakly in the primary screen (about threefold enrichment; Fig. 1 ) but failed to confer robust resistance to INCB in subsequent GI 50 validation assays ( fig. S2 ).
RAS effector pathways through AKT and MEK-ERK mediate resistance to JAK inhibitors
Both AKT and RAS mutant constructs are activators of RAS effector pathways, a diverse set of pathways that have been implicated extensively in cell proliferation and survival processes downstream of activated RAS (16) . To better understand which particular effector pathways control AKT-and RAS-mediated resistance in JAK2 V617F cells, we sought to reverse resistance in these cells using small-molecule inhibitors. Sensitization to INCB in myr-AKT-expressing cells could be fully restored with an allosteric AKT inhibitor, MK-2206 (Fig. 2C ), but not with the dual phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) inhibitor BEZ-235 ( fig. S3 ), suggesting that resistance in these cells does not depend on AKT-mediated mTOR activation. RAS-G12V-expressing cells could be resensitized by dual inhibition of the ERK (extracellular signal-regulated kinase) and AKT effector pathways [using the mitogen-activated protein kinase 2 (MAPK2) inhibitor VX-11E or the AKT inhibitor MK-2206, respectively], but not by inhibition of either pathway alone (Fig. 2D) , suggesting that RAS-driven resistance involves the concerted activation of these two effector pathways.
To investigate the potential clinical relevance of JAK inhibitor resistance mediated by RAS effector pathways, we first queried a cohort of JAK2 V617F -positive myelodysplastic syndrome (MDS)/MPN patients for coincident activating mutations in KRAS or NRAS (table S2) . In a cohort of 42 treatment-naïve patients, 6 (14.3%) carried mutations in either KRAS or NRAS, with 5 occurring at canonical activating sites. The cohort also included one patient with activating mutations in both genes (Fig. 2E) . For a second set of experiments, we obtained JAK2 V617F Set2 cells that had evolved under selective pressure in culture to become resistant to JAK inhibitors CYT (Set2-CYTR) or INCB (Set2-INCBR) (10) . As expected, Set2-CYTR and Set2-INCBR cells were resistant to JAK inhibition relative to parental cells (Fig. 2F) . AKT inhibition using MK-2206 resensitized both Set2-CYTR and Set2-INCBR cells to GI 50 values exhibited by parental cells, and co-inhibition of both AKT and ERK effector pathways [the latter using the mitogen-activated protein kinase (MAPK) kinases 1 and 2 (MEK1/2) inhibitor AZD-6244] further sensitized both resistant and parental cells.
Together, these data establish that (i) activation of RAS or RAS effector pathways can confer considerable resistance to JAK inhibitors; (ii) a subset of JAK2
V617F
-positive patients carry mutations in RAS capable of activating RAS effector signaling; and (iii) resistance in both engineered and evolved JAK inhibitor-resistant cell lines can be reversed by inhibition of RAS effector pathways mediated by AKT or AKT and either MEK or ERK.
JAK inhibitor-induced apoptosis is normally stimulated by BCL-2-associated death promoter in JAK2 V617F cells
Whereas parental JAK2 V617F cells underwent substantial cell death after INCB treatment, cells expressing constitutively active RAS or AKT did not, suggesting that resistance may involve the suppression of apoptosis. Using annexin V staining as a marker of apoptosis, INCB treatment induced apoptosis in multiple JAK2 V617F cell lines, but not in cells expressing (Fig. 3A) . To gain potential insight into the molecular regulation of apoptosis in JAK2 V617F cells, we performed BH3 profiling. In this assay, cells are permeabilized, stained with a mitochondrial potential sensitive dye, and treated with peptides derived from the BH3 domains of proapoptotic BH3-only proteins. In our study, we used peptides representing the activator BH3-only proteins [B cell lymphoma 2 (BCL-2)-like protein 11 (BIM) and BH3-interacting domain death agonist (BID)] as well as the sensitizer BH3-only proteins [BAD (BCL-2-associated death promoter), PUMA (also known as BCL-2-binding component 3), NOXA (also known as phorbol 12-myristate 13-acetateinduced protein 1), and HRK (harakiri, BCL-2 interacting protein)]. Sensitizer BH3 peptides representing the full-length proteins listed above can bind and inactivate specific antiapoptotic proteins to indirectly trigger mitochondrial outer membrane permeabilization (MOMP), leading to mitochondrial depolarization in cells dependent on those proteins (17) (18) (19) . Thus, BH3 profiling can measure overall priming for apoptosis (20) or identify dependence on specific antiapoptotic proteins. In our experiments, mitochondria from parental and resistant HEL92.1.7 cells were capable of undergoing apoptosis, demonstrated by their response to the BIM and BID peptides, and were equally primed for apoptosis, evident by extensive depolarization induced by the PUMA peptide (which can bind and inactivate all of the major antiapoptotic proteins), as well as BAD and HRK peptides (which bind either BCL-2 and BCL-X L or only BCL-X L , respectively) ( Fig. 3B and fig. S4 ), suggesting a potential dependence specifically on BCL-X L for survival (18, 21) . We then profiled all three lines (HEL92.1.7, Set2, and UKE-1) and confirmed that this pattern was consistent across multiple JAK2 V617F cells (Fig. 3C ). The proapoptotic function of BAD is inhibited by phosphorylation at either Ser 112 or Ser 136 by a number of kinases (22) (23) (24) (25) . Two of these kinases, the serine/threonine kinase PIM1 and ERK, which both phosphorylate BAD at Ser 112 (23, 25, 26) , are stimulated by JAK-STAT signaling (10, 27) . Consistent with this, we found that PIM1 expression was inhibited by JAK2 inhibition (Fig. 3D and fig. S5A ). Additionally, to effectively phenocopy the reduction of Ser 112 -phosphorylated BAD conferred by JAK inhibition, it was necessary to inhibit both ERK and PIM1 ( fig. S5B ). Further, in apoptosis assays, ERK inhibition alone had no detectable affect, whereas PIM1 inhibition induced apoptosis, although to a lesser extent than did direct JAK inhibition ( fig. S5C ). Combined inhibition of PIM1 and ERK yielded a greater-than-additive effect, resulting in a higher amount of apoptosis than that induced by direct JAK inhibition. These data demonstrate that the relevant BAD kinases in the setting of normally proliferating JAK2 V617F cells are likely ERK and PIM1. To functionally verify that BAD phosphorylation is critical to apoptosis in JAK2 V617F cells, we transduced HEL92.1.7 cells with either a control vector or a double Ser-to-Ala murine BAD mutant called BAD2SA, which cannot be phosphorylated at sites Ser 112 and Ser 136 (22, 23, 28) . BAD2SA expression in HEL92.1.7 cells induced apoptosis that was comparable to JAK or PIM1 + ERK inhibition (Fig. 3E) , whereas the expression of BAD2SA in HMLE (human mammary epithelial) cells, a control cell line that is insensitive to BAD-induced apoptosis, had an expectedly negligible effect on apoptosis (Fig. 3E and fig. S6 ). Together, these results support a model wherein BAD phosphorylation inhibits apoptosis and survival downstream of JAK2 and PIM1/ERK in JAK2 V617F -positive cells (Fig. 3F) .
RAS-G12V or myr-AKT

RAS effector pathways drive resistance by blocking BAD-induced apoptosis
Activation of the RAS effector pathways AKT and ERK leads to inhibitory phosphorylation of BAD at Ser 136 and Ser
112
, respectively, independently of PIM1 (22, 25) . We therefore hypothesized that resistance to JAK inhibition by RAS effector pathways may be mediated through the phosphorylation of BAD. To test this, we examined BAD phosphorylation in cells expressing constitutively active AKT or RAS in the presence of INCB. In cells expressing active AKT, the phosphorylation of Ser 112 was lost, whereas Ser 136 phosphorylation was unaffected by the presence of INCB; however, it ultimately decreased in the presence of an AKT inhibitor (Fig. 4A) . In cells expressing RAS-G12V, neither Ser 112 nor Ser 136 phosphorylation was decreased by INCB or an AKT inhibitor, whereas both were decreased by combined treatment with AKT and ERK pathway inhibitors (Fig. 4B) . Similarly, BAD was phosphorylated at Ser 112 in parental Set2 cells, and this phosphorylation was sensitive to JAK inhibition by CYT (Fig. 4C) . Conversely, in independently evolved CYT-resistant Set2 cells, BAD was phosphorylated at both Ser 112 and Ser
136
. The phosphorylation at both sites was not lost in CYT-resistant cells in the presence of the inhibitor (Fig. 4C) , compared with nearly complete abrogation in the presence of combined inhibition of JAK, AKT, and the ERK pathways (Fig. 4C) . In sum, these data demonstrate that activation of the RAS effector pathways AKT and ERK promotes the inhibitory phosphorylation of BAD despite the presence of JAK inhibitors in both engineered and evolved JAK inhibitor-resistant cells.
If inactivating phosphorylation of BAD by RAS effector pathways is responsible for the observed resistance, then knockdown of BAD should also confer resistance independently of RAS activation. Indeed, knockdown of BAD by two independent shRNA constructs conferred robust resistance to INCB (JAK inhibitor INCB018424) (Fig. 4D ) that phenocopied the desensitization of cells with RAS effector activation (Fig. 2F) , suggesting that resistance is mediated through BAD. To further substantiate the role of BAD in resistance, we transfected cells expressing RAS-G12V or myr-AKT with BAD2SA and evaluated its effects on apoptosis. For both resistant HEL derivative cell lines, BAD2SA expression alone was sufficient to induce marked apoptosis, similar to the response observed in the parental cells (Fig. 4E) . Finally, to demonstrate that BAD governs sensitivity to JAK inhibitors downstream of RAS effector pathways, we sought to reverse the resistance seen in cells expressing constitutively active AKT or RAS by coexpressing BAD2SA. Cells coexpressing myr-AKT and BAD2SA were unable to survive long enough to complete the GI 50 assay, underscoring the importance of BAD in these cells. We were, however, able to preserve a population of cells coexpressing RAS-G12Vand BAD2SA. Consistent with a model of resistance driven by the inactivating phosphorylation of BAD by RAS effectors, expression of BAD2SA was sufficient to resensitize these cells to JAK inhibitors (Fig. 4F) .
BCL-X L is the relevant antiapoptotic target downstream of JAK and BAD BAD can potentially bind and inactivate BCL-2, BCL-X L , and BCL-2-like protein 2 (BCL-w) (19) . HRK is only able to bind BCL-X L . Thus, the BH3 profiling results predicted that these cells are specifically dependent on only BCL-X L (Fig. 3, B and C) . Immunoblotting of HEL92.1.7 cells showed that BCL-X L was highly expressed compared to the other antiapoptotic proteins BCL-2 and myeloid cell leukemia 1 (MCL-1) (Fig. 5A) ; thus, it might be expected that inhibition of BCL-X L would be toxic to these cells. To test this hypothesis, we measured viability and apoptosis in cells treated with ABT-199 (a selective BCL-2 inhibitor), WEHI-539 (a selective BCL-X L inhibitor), and ABT-737 (a dual BCL-2/BCL-X L inhibitor). Parental cells and cells expressing RAS-G12V or myr-AKT were insensitive to ABT-199 but sensitive to both WEHI-539 and ABT-737 (Fig. 5B and fig. S7 ). Additionally, independently evolved JAK inhibitorresistant cells were also equally sensitive to ABT-737 compared with matched parental cells (Fig. 5B) . To confirm this BCL-X L dependency downstream of JAK signaling, we examined the effects of JAK inhibition on the BH3 profiles of our JAK2 V617F -positive cells. After incubation with two different JAK inhibitors for 8 hours, all three lines showed increased sensitivity to titrations of both the BAD and HRK peptides (Fig. 5C ), suggesting that abrogation of BCL-X L occurs downstream of JAK inhibition. The sensitivity to the NOXA peptide (which binds only MCL-1) did not appreciably increase, implying little to no role for MCL-1 in this setting. Collectively, these data support a model in which cell survival in JAK2-driven MPNs relies specifically on the activation state of BAD and its consequent downstream regulation of BCL-X L . Resistance to JAK inhibition can thus be driven by RAS effector-mediated suppression of the BAD/BCL-X L signaling axis, and reciprocally, resistance can be circumvented either by co-inhibition of JAK and the RAS effector pathways AKT and ERK or by direct inhibition of BCL-X L (Fig. 6) .
DISCUSSION
Our findings demonstrate that the activation of RAS or its effector pathways AKT and ERK can efficiently rescue JAK inhibitor-driven apoptosis in JAK2 V617F MPN cells. Rescue was based on the fact that RAS effector pathways and the JAK2-PIM1/ERK pathway can each redundantly phosphorylate and inactivate BAD, the proapoptotic protein whose activation status determines survival in these cells. In normally proliferating cells, the inhibition of JAK2 leads to dephosphorylation of BAD and its sequestration of the prosurvival protein BCL-X L (22, 24, (29) (30) (31) . In cells with activated RAS effector pathways, JAK2 inhibition was insufficient to dephosphorylate BAD because of its redundant phosphorylation by the AKT and ERK pathways. These findings suggest that compensatory activation of the AKT and/or ERK pathways may explain the inability of JAK inhibitor monotherapy to reduce the malignant clone burden in JAK2 V617F MPN patients, a hypothesis that was supported by both (i) the observation that these RAS effector pathways are hyperactivated in resistant cells (32, 33) and (ii) our finding that co-inhibition of these pathways sensitized resistant cells to JAK inhibitor therapy. Further, although a diverse array of upstream events may potentially lead to the activation of RAS effector pathways to drive resistance (16) , including the overexpression or mutational activation of receptor tyrosine kinases, the stimulation of MPN cells with soluble growth factors or cytokines in their microenvironment, or the mutational activation of either the ERK or AKT effector pathways, our evidence suggests that this was achieved in a subset of JAK2 V617F MPN patients through direct activating mutations in KRAS or NRAS.
The results presented here unify several recent findings in the field of JAK2 V617F -positive MPNs. First, a recent study demonstrated that heterodimerization of JAK2 with JAK1 or TYK2 occurs in JAK2 V617F cells that are resistant to JAK inhibitors and further hypothesized that this heterodimerization may drive resistance through reactivation of STAT signaling (10) . The evidence presented here suggests that resistance in cells with JAK2 heterodimerization may function through the transactivation of Ras effector pathways rather than the reactivation of STAT signaling, because pharmacological inhibition of Ras effector pathways fully resensitized these cells in our hands. Second, redundant survival signaling through the JAK/STAT, AKT, and ERK pathways described here provides a mechanistic explanation for the limited activities of monotherapies targeting MEK, PI3K/mTOR, and AKT in both drug-sensitive and drug-resistant JAK2 V617F cells despite the constitutive activity of these pathways (32, 34, 35) . Third, although a previous study identified a correlation between JAK2/STAT/PIM1 activity and BAD phosphorylation in drug-sensitive cells (36) , more recent studies have excluded BAD as a potential regulator of apoptosis by demonstrating that phosphorylation levels at Ser 136 are unchanged by JAK inhibitor treatment. The latter study suggested instead that BIM is the key apoptosis regulator in these cells (37) . Our results reconcile these discrepancies by demonstrating that BAD phosphorylation at Ser 112 is the relevant target of JAK/STAT signaling in drug-sensitive cells; that BAD phosphorylation at Ser 112 and Ser 136 by the RAS effectors ERK and AKT, respectively, can rescue JAK inhibitor-induced loss of Ser 112 phosphorylation; and finally, that BAD phosphorylation is required for survival and RAS effector-mediated drug resistance. BIM, on the other hand, is necessary for the execution of apoptosis via its efficient activation of BCL-2-associated X protein (BAX) (38) , and its knockdown is sufficient to drive resistance to JAK inhibitors (37) , but it acts downstream of BAD. Fourth, by demonstrating that survival in both sensitive and resistant cells is dependent on BCL-X L , we provide a mechanistic rationale for the recent findings that (i) JAK2 V617F cells show marked insensitivity to BCL-2 inhibition (39) and (ii) combination therapy involving a JAK inhibitor combined with a dual BCL-2/BCL-X L inhibitor (ABT-737) yields improved responses in animal models of JAK2 V617F MPN relative to JAK inhibitor monotherapy (32) .
Finally, this work suggests that the combined inhibition of JAK2 and RAS effector pathways, or the direct, selective inhibition of BCL-X L , may yield more robust and durable responses in patients than JAK inhibitor monotherapy. In the near term, the former approach may be more tractable, because the direct inhibition of BCL-X L using earlygeneration inhibitors has been associated with on-target toxicities (40, 41) . Generally, however, our studies suggest that therapies based on the combination of JAK inhibitors with (i) AKT inhibitors, (ii) AKT plus MEK or ERK inhibitors, or (iii) selective BCL-X L inhibitors, or monotherapies involving selective BCL-X L inhibitors alone, warrant further preclinical investigation.
MATERIALS AND METHODS
Cell lines and pharmacological agents
All cell lines were grown at 37°C in 5% CO 2 . UKE-1 cells were grown in RPMI 1640 with 10% fetal calf serum, 10% horse serum, and 1 mM hydrocortisone. HEL92.1.7 cells were grown in RPMI with 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin. Set2 cells were grown in RPMI with 20% FBS and 1% penicillin/ streptomycin. Set2 inhibitor-resistant (CYTR and INCBR) and control cells (parental) were grown as above in medium supplemented with 0.7 mM INCB018424, 0.5 mM CYT387, or DMSO, respectively. UKE-1 and HEL92.1.7 cells were obtained from A. Mullally (Brigham and Women's Hospital), and Set2 parental and resistant cell lines were obtained from R. Levine (Memorial Sloan Kettering). Drugs were purchased from Selleck Chemicals, ChemieTek, and ApexBio and were used at the following concentrations: 2 mM for VX-11E, 10 mM for MK-2206, 2 mM for AZD-6244, 0.2 mM for BEZ-235 (GI 50 assay and Western blots), 4 mM for SGI-1776 (Western blots and apoptosis assays), 1 mM for INCB and CYT (Western blots and BH3 profiling), and 5 mM for INCB, 1.6 mM for ABT-737 and ABT-199, and 0.8 mM for WEHI-539 (apoptosis assays).
Pathway-activating screen
We performed pooled lentiviral screens as previously described (14) . UKE-1 cells were infected with the pooled library (MOI = 0.3) and treated separately with either vehicle (DMSO) or three concentrations of INCB018424 (1, 5, and 10 mM). After 3 weeks of culture, all drug-and vehicle-treated cells were subjected to genomic DNA purification and polymerase chain reaction (PCR)-based barcode amplification. Results were deconvoluted as previously described using the Illumina HiSeq 2000 sequencing platform. Primary data are provided in table S4. 
GI 50 assay
Cells were seeded into six-well plates and infected with the desired ORFactivating allele or control vector. Lentiviruses were produced and applied as previously described (42) . After 2 days of puromycin selection (2 mg/ml), infected cells were seeded into 96-well plates at 5000 cells per well. To generate GI 50 curves, cells were treated with vehicle (DMSO) or an eight-log serial dilution of drug to yield final concentrations of 200, 20, 2, 0.2, 0.02, 0.002, 0.0002, or 0.00002 mM. Each treatment condition was represented by at least three replicates. Three to 4 days after drug addition, cell viability was measured using CellTiter-Glo (Promega). Relative viability was then calculated by normalizing luminescence values for each treatment condition to control treated wells. To generate GI 50 curves for drug combinations, slight modifications are made. Primary drug was applied and diluted as above, whereas the second drug was kept at a constant concentration across all wells except the DMSO-only condition. Viability for all primary drug dilutions was then calculated relative to luminescence values from the secondary drug-only condition. Dose-response curves were fit using GraphPad/Prism 6 software.
Western blotting and antibodies
Immunoblotting was performed as previously described (42) shRNA constructs TRC (The RNAi Consortium) shRNA clones were obtained from SigmaAldrich and the Duke RNAi Facility as glycerol stocks. Constructs were prepared in lentiviral form and used to infect target cells as previously described (43) . TRC IDs and hairpin sequences can be found in table S3.
Quantification of apoptosis by annexin V
Cells were seeded in six-well plates and treated with either the indicated amount of drug or vehicle (DMSO). Cells were incubated for the indicated time, washed twice with ice-cold phosphate-buffered saline (PBS), and resuspended in 1× annexin V binding buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM CaCl 2 ; BD Biosciences). Surface exposure of phosphatidylserine was measured using APC (allophycocyanin)-conjugated annexin V (BD Biosciences). 7-AAD (BD Biosciences) was used as a viability probe. Experiments were analyzed at 20,000 counts per sample using BD FACSVantage SE. Gatings were defined using untreated/unstained cells as appropriate.
Quantitative reverse transcription PCR
Real-time PCR was performed as previously described (14) . The following primers were used: human PIM1, 5′-TTATCGACCTCAATCGCGGC-3′ (forward) and 5′-GGTAGCGATGGTAGCGGATC-3′ (reverse); human GAPDH, 5′-CCCACTCCTCCACCTTTGAC-3′ (forward) and 5′-AC-CCTGTTGCTGTAGCCAAA-3′ (reverse).
BH3 profiling
HMLE, Set2, UKE-1, and HEL92.1.7 cells were BH3-profiled as previously described (38) .
Phospho-null BAD mutants
Wild-type and double Ser-to-Ala (S112A/S136A) mutant murine BAD constructs were obtained from Addgene and cloned using the Gateway system (Life Technologies) into the pLX-303 vector and prepared for lentiviral infection as previously described (44) .
Patient cohort
The patient cohort consisted of 42 patients. The male-to-female ratio was 1.8 (27/15) . The median age was 75.9 years, ranging from 55.3 to 89.1 years. All patients were diagnosed following the World Health Organization 2008 criteria, including 16 cases with chronic myelomonocytic leukemia (CMML), 2 with MDS/MPN, unclassifiable (MDS/MPN, U), 6 with MPN, and 18 with refractory anemia with ring sideroblasts and thrombocytosis (RARS-T). The study design adhered to the tenets of the Declaration of Helsinki and was approved by our institutional review board before its initiation.
Mutational analyses
JAK2
V617F mutation was analyzed by melting curve analysis, as described by Schnittger et al. (45) . NRAS mutations were analyzed either by melting curve analysis described previously (46) or by next-generation deep sequencing using the 454 GS FLX amplicon chemistry (Roche Applied Science) as previously described (47) . In melting curve analysis, positive NRAS cases were subsequently further characterized by next-generation sequencing. KRAS mutations were sequenced either by the Sanger method or by next-generation deep sequencing (45, 47) .
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